Light has direct effects on sleep and wakefulness causing arousal in diurnal animals and sleep in nocturnal animals. In the present study, we assessed the modulation of light-induced sleep by melanopsin and the histaminergic system by exposing mice to millisecond light flashes and continuous light respectively. First, we show that the induction of sleep by millisecond light flashes is dose dependent as a function of light flash number. We found that exposure to 60 flashes of light occurring once every 60 seconds for 1-h (120-ms of total light over an hour) induced a similar amount of sleep as a continuous bright light pulse. Secondly, the induction of sleep by millisecond light flashes was attenuated in the absence of melanopsin when animals were presented with flashes occurring every 60 seconds over a 3-h period beginning at ZT13. Lastly, the acute administration of a histamine H3 autoreceptor antagonist, ciproxifan, blocked the induction of sleep by a 1-h continuous light pulse during the dark period. Ciproxifan caused a decrease in NREMS delta power and an increase in theta activity during both sleep and wake periods respectively. The data suggest that some form of temporal integration occurs in response to millisecond light flashes, and that this process requires melanopsin photoreception. Furthermore, the pharmacological data suggest that the increase of histaminergic neurotransmission is sufficient to attenuate the light-induced sleep response during the dark period.
Introduction
Light serves as an important regulator of behavior and physiology in mammals. A key example of this is the circadian system which is entrained by light and, in turn, influences the timing of sleep and wake, locomotor activity, and hormone production [1] . In nocturnal animals, a light pulse during the dark phase suppresses locomotor activity (negative masking) and rapidly induces sleep in both a phase dependent and dose-dependent manner [2] [3] [4] . In mammals, the eye serves as the only input of photic information into the brain [5] . The rod, cone, and melanopsin photoreceptors in the eye give mammals the ability to perform both image and nonimage forming functions ranging from the pupillary light reflex to sleep induction in mice [6] [7] [8] [9] [10] [11] .
Studies to date have primarily focused on the contribution of rod, cone, and melanopsin photoreception in the acute induction of sleep by using continuous light pulses [3, [11] [12] [13] . We and others have previously shown that the circadian system is sensitive enough to respond to millisecond light flashes to produce large phase shifts and the suppression of locomotor activity [14] [15] [16] [17] . Using mostly locomotor activity, recent studies have suggested that millisecond light flashes may be sufficient to induce sleep in mice [18] [19] [20] . The contribution of the different photoreceptors to the millisecond flash-induced sleep is not fully clear. Equally important in the acute induction of sleep by light is the question about the involvement of areas innervated by the retino-hypothalamic tract (RHT). Photic information from retinal photoreceptors reaches a broad range of retino-recipient areas in the brain via the RHT [21] . In the hypothalamus, the RHT innervates a number of areas involved in the regulation of sleep and wake. These areas include the suprachiasmatic nucleus (SCN), subparaventricular zone (SPZ), ventral lateral preoptic area (VLPO), and the lateral hypothalamus (LH). Although these projections are relatively well characterized, the involvement of these areas during the light-mediated transition from wake to sleep is not well understood. One hypothesis is that light directly impinges on the sleep-wake system activating the sleep-active neurons in the ventrolateral preoptic area (VLPO) thus causing the shift toward sleep induction via the inhibition of the wake-promoting areas in the brain [22, 23] .
One area whose involvement in light-induced sleep has not been studied is the tuberomammillary nucleus (TMN). Located in the posterior hypothalamus, the TMN contains histamine producing neurons [24, 25] . The histaminergic neurons in the TMN innervate a large number of brain areas [26] , are more active during wake [27] and are part of the wake-promoting system which include, the dorsal raphe nucleus (DR), locus coeruleus (LC), and the hypocretin (HCRT) neurons in the lateral hypothalamus [28] . An important feature of the histaminergic system is that histamine inhibits its own release and synthesis via the histamine H3 pre-synaptic autoreceptor [29, 30] . As such, administration of the histamine H3 receptor antagonists increase the synthesis and release of histamine [29, [31] [32] [33] resulting in an enhancement of wakefulness and cortical theta rhythms [34] [35] [36] [37] .
In the present study, we have (i) investigated the acute effects of millisecond light flashes on sleep and wake to better understand the integrative capacity of the mouse photic system, (ii) assessed the contribution of melanopsin photoreception in the acute effects of light flashes on sleep, and (iii) examined whether an increase in histaminergic neurotransmission via ciproxifan, a selective histamine H3 receptor antagonist [38] , is sufficient to prevent the acute induction of sleep by light early in the dark period.
Materials and Methods

Animals
Adult, 3-4 month old C57BL/6J male wildtype (WT) and melanopsin knockout (MKO) mice (backcrossed eight generations to the C57BL/6J background in our lab) were used [3] . Mice were housed individually in plastic cages with ad libitum access to food and water. The animals were housed in 12:12 LD light cycle in a room that contained four cool white fluorescent tubes (34 
Light stimulation
Millisecond Light Flashes for Experiments 1 and 2: 2-ms light flashes were generated by a broad emission tungsten lamp (~200 μW/cm 2 ) directed toward the center of the animal cage rack approximately 0.5 m away. The lamp was controlled by the Master-8 Pulse Stimulator (A. M.P.I., Jerusalem, Israel) which was programmed via the Master-8 Control Software. Continuous Light Pulse for Experiment 3: A separate white, dimmable LED lamps (LumaPro A19 8W; Grainger, San Jose CA) positioned above each individual cage were used for continuous light pulses. The intensity was controlled by a variable autotransformer (Model 116B, Superior Electric Company, Bristol CT) and measured by using an IL-1400 SL021 #385 photodetector (International Light, Newburyport, MA) as previously described [3] .
Surgery and sleep data acquisition
A Somnologica system (Embla, Denver CO) was used to acquire the cortical electroencephalographic (EEG) and electromyographic (EMG) signals. Implantation of EEG/EMG electrodes was done as previously described [3, 39] . EEG electrodes were placed over the frontal and parietal cortex. 14 days were allowed for recovery after surgery. Animals were connected to lightweight recording cables and adapted for at least 5 days before experiments began. All signals were amplified, analog-to-digital converted with a sampling rate of 200 Hz, and digitally filtered (EEG, 0.5-70 Hz; EMG, 10-70 Hz) as previously described [39] . Behavioral states of the animals were scored in 4-s epochs using visual inspection of EEG and EMG signals for nonrapid eye movement sleep (NREMS; high voltage, low frequency EEG), rapid eye movement sleep (REMS; prominent theta activity, low voltage EMG), and wake (low voltage, high frequency EEG) [3] . The power spectra of the corresponding EEG signals was calculated by using fast Fourier transformation (sampling at 256 Hz) for 4-s epochs. Power in the 0.8-40 Hz range of the recording was averaged, and the mean values were plotted in 0.8 Hz bins. Ratio of power in delta (δ) range and theta (θ) range were calculated by using the aggregate power between 0.8-4 Hz and 4.8-8 Hz respectively.
Protocols
Experiment 1. We first assessed the ability of millisecond light pulses to induce sleep. One group of WT mice (n = 8) was pulsed with light flashes (0, 1, 3, 15 and 60) evenly over an hour on different days (Fig 1A) . Light flashes were initiated 1-h (ZT13) after lights-off, and the order of light flash delivery was randomized. There was a minimum of 3 days between pulse protocols to allow for adequate recovery after pulses. Experiment 2. We assessed the contribution of melanopsin during photosomnolence in response to millisecond light flashes. A new group of WT (n = 8) and MKO (n = 6) mice were administered flashes at 60 second intervals over a 3-h-period beginning at ZT13. The 3-h period was chosen because previous studies have shown that this time window is necessary to fully assess the ability of melanopsin for masking and sleep [3, 10, 12] .
Experiment 3. To test the effects of ciproxifan on the acute induction of sleep, a group of mice (n = 7) was injected intraperitoneally with either 0.9% saline or ciproxifan (12mg/kg) 20 min before exposure to a continuous light (20 μW/cm²) for one hour beginning at ZT13. In order to better observe the animals during the experiment, we chose to use a continuous 20 μW/cm² light pulse. It is important to note that the continuous light pulse we chose induced similar amounts of sleep as exposure to 60 flashes of light over a 1-h period (Fig 1B) . The drug, ciproxifan, was dissolved in sterile saline. Each animal was tested 4 times using the following protocol: a) injection of saline with no light exposure; b) injection of ciproxifan with no light exposure; c) injection of saline with light exposure; d) injection of ciproxifan with light exposure. The order of the conditions was counterbalanced across animals over the 4 conditions. A minimum of 3 days was used to separate the conditions. This period of time was chosen because we have previously shown that it is sufficient for recovery from a light pulse [3] . Furthermore, the chosen period of time was also sufficient for recovery in animals injected with ciproxifan since the drug has been shown to have a short lasting waking effect and does not affect total sleep amounts [37] .
Statistical analysis
GraphPad Prism (GraphPad Software, Inc. Version 6.0a) was used for all statistical calculations. One-way or two way repeated measures ANOVAs were performed on data that satisfied assumptions of normality and variance homogeneity through the Brown-Forsythe test followed by Bonferonni's or Tukey's test for post hoc comparisons. Differences in the power of frequency bands (delta and theta) between control (saline) and drug (ciproxifan) were analyzed by paired Student's t test. All data are expressed as mean ± SD.
Results
The influence of light flash number and interval on total sleep induced early in the dark period
We first assessed the ability of millisecond light flashes to induce sleep early in the dark period. A one-way repeated measures ANOVA revealed a significant effect of flash number on total sleep (F (4,28) = 18.5; p < 0.0001) and NREMS (F (4,28) = 11.0; p < 0.0001). However, no effect of flash number was detected on REMS (F (4,28) = 2.59; p = 0.056). The one flash stimulus failed to induce significant changes in total sleep whereas the 60 flash stimulus was able to induce the maximum amount of sleep (25.4 ± 1.79 min above baseline; p < 0.0001; post hoc t test) ( Fig  1B) . A similar response was observed for NREMS ( Fig 1C) . Although an increase in REMS was detected, post hoc analyses failed to identify significant differences between baseline and the different flash number paradigms (Fig 1D) . An increase of only~2 min of REMS was observed in response to the 60 flash stimulus. As such, all subsequent analyses of sleep amounts are summations of both NREMS and REMS (i.e., total sleep). The majority of sleep induction occurred in the first 30 min across all the different flash paradigms (S1A- S1E Fig) . Additionally, the data show that exposure to 60 millisecond light flashes delivered over a 2 minute period is sufficient to induce sleep post flash stimulation (S2 Fig). Sleep response to light flashes in the absence of melanopsin A significant induction of sleep above baseline (~49%) was observed in WT mice (n = 8) in response to light flashes separated by 60 seconds over the 3 h-period (66.9 ± 16.1 min during baseline versus 99.5 ± 15.2 min during flashes; p = 0.009, paired t test). An increase (~20%) was observed but did not reach statistical significance in MKO mice (n = 6) (62.9 ± 37.5 min during baseline versus 75.3 ± 10.6 hrs during flashes; p = 0.47, paired t test). We next examined the temporal extent to which total sleep amounts changed between ZT13-15 in WT and MKO mice by using two-way repeated measures ANOVA (Fig 2C and 2D ). During baseline, no effect of genotype was detected (factor 'genotype (F (1, 12) = 0.08; p = 0.79). However, an effect of time was detected (F (2,24) = 6.82; p = 0.0045). No interaction was detected (F (2, 24) = 0.13; p = 0.88). During light flash exposure, genotype effect was detected (factor 'genotype (F (1,12) = 11.1; p = 0.006). However, no effect of time was detected (F (2, 24) = 0.37; p = 0.70) nor was there an interaction (F (2,24) = 2.07; p = 0.15). These results suggest that melanopsin photoreception is required to mediate the full somnogenic effects of light flashes early in the dark period.
Effects of ciproxifan on the acute induction of sleep early in the dark period
The histaminergic system is known to modulate wakefulness via the action of histamine on histamine receptors (H1-4) found in several areas across the brain. The blockade of H3 receptors promotes wakefulness [34] [35] [36] [37] . As such, we questioned whether the blockade of H3 receptors by ciproxifan, an H3-receptor antagonist, would be sufficient to block the sleep inducing effects of light in the dark period in WT mice. To test this, mice (n = 7) were injected intraperitoneally with either 0.9% saline or ciproxifan (12mg/kg) 20-min before exposure to a continuous light (20 μW/cm²) for one hour beginning at ZT13. A one-way repeated measures ANOVA revealed a significant effect of ciproxifan treatment on the ability of light to induce sleep (F (3,18) = 5.93; p = 0.0054) (Fig 3B) . No significant difference in total sleep amount was observed between saline and ciproxifan treatments in the no light condition (Fig 3B) (p = 0.71; post hoc t test). However, a significant increase in total sleep to 27.0 ± 11.9 min was observed when the mice were exposed to light after saline treatment (p = 0.04; post hoc t test). Ciproxifan blocked this increase in sleep in response to light reducing total sleep to 11.9 ± 8.06 min (p = 0.03; post hoc t test). No significant differences were observed when comparing ciproxifan treatments between the 'no-pulse' and 'light-pulse' conditions (p = 0.78; post hoc t test). We next assessed the quality of sleep and wake by using power spectra analysis on NREMS and wake in the light condition. A representative EEG/EMG trace illustrates the temporal profile of changes in sleep during the light pulse condition after saline and ciproxifan treatments (Fig 3C) . There was a significant decrease in the delta/theta ratios during both NREMS (p = 0.006, paired Student's t test) and wake (p = 0.019, paired Student's t test) after ciproxifan treatment (Fig 3D and 3E) indicating an increase in cortical activity. Additionally, a one-way ANOVA revealed a significant effect of ciproxifan treatment on locomotor activity (F (3, 20) = 4.41; p = 0.0156) (Fig 4B) . A decrease in locomotor activity was observed between saline and ciproxifan treatments in the no light condition (p = 0.04; post hoc t test). However, no differences were observed between saline and ciproxifan treatments in the light condition (p = 0.77; post hoc t test).
REMS power spectra was not assessed because no REMS was observed in most of the animals after ciproxifan administration (data not shown). Consistent with a previous report [37] , total sleep amounts post light pulse (ZT14-24) did not differ between saline and ciproxifan treated animals (5.23 ± 2.57 h after saline vs. 5.27 ± 2.20 h). Using a separate group of mice (n = 4), we also determined the effects of lower ciproxifan doses on the acute induction of sleep by light. Ciproxifan similarly attenuated the sleep inducing effect of light. A reduction of~16% and~35% in total sleep during a light pulse was observed at 3mg/kg and 6mg/kg doses respectively ( S3 Fig). 
Discussion
Melanopsin photoreception required for millisecond light flashes to induce sleep
The effects of millisecond light flashes on phase shifts and masking are well documented in several studies [14] [15] [16] [17] 19] . Experiments using hamsters have shown that as few as three flashes Hz range for artifact-free recordings was averaged, and the mean values plotted as previously described [3] . (Insets) Delta/theta ratios during NREMS and wake were calculated and plotted. Data represent mean ± SD (n = 5). *p<0.05, **p<0.001 by paired t test.
doi:10.1371/journal.pone.0128175.g003 delivered over a 5 or 60-min window are sufficient to elicit large phase advances [17] . Remarkably, only ten flashes similarly distributed over a 5 min period have been reported to induce robust locomotor activity suppression in mice lasting almost 20-min [19] . We extend the findings by showing that as few as three flashes (a total light duration of 6-ms) was sufficient to induce a significant increase in sleep from baseline (Fig 1) . Total sleep increased in a dose dependent manner as a function of light flash number suggesting that some form of integration process is taking place to sum the total light exposure in a given time window. We also show that exposure to 60 light flashes delivered over 2 minutes is sufficient to induce sleep for almost 20-min without additional flash exposure (S2 Fig) . This result confirms a recent result reported by Studholme et al. (2013) [18] whereby a presentation of 10 light flashes delivered over a 5-minute period similarly induced sleep post exposure. It is likely light flashes initiate a sequence of activation and/or inhibition across both sleep and wake areas resulting in the acute induction of sleep [22] . In the absence of additional light exposure, the response cannot be maintained hence the reduction in sleep for the remaining 15 min intervals (S2 Fig). We also assessed whether melanopsin photoreception is required during the induction of sleep by millisecond light flashes early in the dark period. Our results show that the somnogenic effects of millisecond light flashes across a 3-hour period are attenuated in the absence of melanopsin (Fig 2) . This indicates that melanopsin photoreception plays an important role during the integration of millisecond light flash information before conveying the signal to sleep/wake centers in the brain. This is consistent with results from several studies assessing the role of melanopsin in the induction of sleep by continuous light [3, 9, 11] . Although higher sleep amounts were observed in WT mice in comparison to MKO mice, no differences in the temporal profiles of sleep were detected across the flash exposure (Fig 2D) . This result contrasts with Altimus et al. (2008) and Muindi et al. (2013) where sleep was initiated but not maintained in mice lacking melanopsin during exposure to photopic continuous light. The observation here suggests that the rod/cone photoreceptors alone are unable to compensate for the absence of melanopsin during exposure to millisecond light flashes. It is possible that the absence of melanopsin prevents the integration of light that is known to occur at the level of the retinal ganglion cells involved in non-image forming functions [40] . Interestingly, a recent study showed that the selective activation of ultraviolet-sensitive cones by UV light exposure is sufficient to induce sleep with equal efficacy in both WT and mice lacking melanopsin [13] . This result suggests that the UV light detection in the retina is sufficient to induce and maintain sleep independent of melanopsin. Clearly, additional experiments are required to further assess how changes in the wavelength, intensity and distribution of light pulses affect the induction and maintenance of sleep in the absence of melanopsin in mice. Altogether, our results are consistent with the view that the melanopsin expressing retinal ganglion cells in the retina provide a critical input for mediating non-visual photic information.
The results from millisecond light flash experiments raise an important question regarding both the retinal and brain mechanisms involved in the response. Even though the integration mechanisms cannot be fully inferred from our data, it is clear that the mouse photic system is able to integrate light flashes separated in time and melanopsin plays an important role in this integration. Using a wider range of flash intensities, shorter intervals, and exposure time windows across different circadian phases will be important in future studies in determining the full integrative capacity and the mechanisms involved in the mouse photic pathway.
Ciproxifan attenuates light-induced sleep early in the dark period
The flip-flop switch model has been used extensively to highlight the control of behavioral state by the sleep and wake-promoting systems [28] . According to this model, sleep-promoting neurons inhibit wake-promoting neurons at sleep onset and during sleep. It was recently hypothesized that light alters the balance of the flip-flop switch by the activation of the sleep-promoting neurons in the VLPO which then inhibit the wake-promoting areas thus promoting sleep [23] . Here, we show that the increase in histaminergic tone via the H3-receptor antagonist [38] is sufficient to attenuate the acute induction of sleep by light early in the dark period (Fig 3B) . A similar arousal effect of ciproxifan was also observed at lower dosages (S3 Fig). We also observed a decrease in delta power with a concomitant increase in theta power in response to ciproxifan (Fig 3D and 3E) . These results suggest that the cortical activation induced via the inhibition of the H3-receptor by ciproxifan is able to oppose the active induction of sleep by light early in the dark period. This is consistent with results from other studies showing that the inhibition of the H3-receptor is sufficient to promote wakefulness [34] [35] [36] [37] . As expected, no significant changes in total sleep amount were observed during the rest of the dark period postinjection. This is consistent with results from previous studies showing that the waking effect of H3-receptor antagonists, thioperamide (10-100mg/kg, i.p) and ciproxifan (1-10mg/kg, i.p) is relatively short lasting with animals returning to baseline sleep amounts between 3-4 hours at the highest dosages used [37] .
However, a few questions arise regarding the attenuation of light-induced sleep by ciproxifan via the H3-receptors. (1) What other systems are influenced by ciproxifan's action on the H3 receptors? (2) What is the effect of ciproxifan on histaminergic neurons in the TMN? The first question is important because in addition to its function as an autoreceptor, the H3-receptor also acts as a hetero-receptor regulating the release of several neurotransmitters including acetylcholine, dopamine, serotonin, and norepinephrine [41] . The suggestion then is that the waking effect mediated by ciproxifan may involve multiple neurotransmitters. Although the extent of involvement of each neurotransmitter in the induction of arousal by ciproxifan is not clear, the modulation of histaminergic neurotransmission by H3-receptor antagonists has been documented in a number of studies. H3-receptor antagonists such as thioperamide or ciproxifan enhance histamine synthesis (Arrang et al., 1987; Ligneau et al., 1998) and release (Itoh et al., 1991; Morrisset et al, 2000) . Interestingly, H3-receptor-knockout mice have normal levels of cortical dopamine, norepinephrine and serotonin [42] . Surprisingly, decreased levels of histamine were observed in the cortex which suggested to the authors that a compensatory decrease in histamine may have occurred during development in H3-receptor knockout mice [42] . Consistent with the selective role of H3-receptor in histamine release and synthesis, H3-receptor knockout mice are insensitive to the wake inducing effect of H3-receptor antagonists thioperamide [42] and ciproxifan [43] .
Concerning the second question, dense c-fos labeling has been observed in TMN neurons following ciproxifan injection in cats [44] . However, single-and multi-unit recordings are necessary to characterize the temporal profile of TMN neuron activity in response to ciproxifan and light pulses. As expected, the wide projections of the TMN across the brain give the histaminergic system robust control over several areas regulating sleep and wakefulness. With respect to the acute effects of light on sleep, it is likely that the neurons in the TMN are rapidly suppressed during the initiation of sleep in response to light. Presumably, rapid changes in neuronal activity occur in other critical areas involved in the modulation of sleep and wakefulness. Conducting simultaneous recordings in both sleep and wake areas will be crucial in better understanding the changes taking place during the active induction of sleep by light [22] . Taken together, the rapid induction of sleep by light presents a unique opportunity to better understand the neuronal circuits driving the rapid switch from wake to sleep.
Summary and Conclusions
The present experiments expand on previous studies by showing that mice are able to respond to light flashes over a fairly large range of intervals (Fig 1) . Additional evidence suggests that the sleep induction in response to millisecond flashes during the early dark period is melanopsin dependent (Fig 2) . Lastly, the data also suggest that an increase in histaminergic tone is sufficient to attenuate the increase in sleep by light early in the dark period (Fig 3) . Altogether, the findings highlight the sensitivity and integrative capacity of the mouse photic system to light, and suggest that both retinal and downstream brain areas play important roles in processing photic information during the induction of sleep early in the dark period.
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